Abstract-The mechanisms relating pulse pressure to cardiovascular outcome may include surrogacy for coronary disease severity. Although pulse pressure is typically measured at the brachial artery, central pulse pressure and its principal determinant, large-artery stiffness, may relate more closely to disease severity. This study aimed to determine the relationships between large-artery stiffness and carotid and brachial blood pressures and coronary artery disease severity. One hundred fourteen male patients with coronary artery disease (age 60Ϯ8 years, meanϮSD) and 57 age-matched healthy male controls (age 59Ϯ9 years) were recruited. Patients were classified into 2 groups based on the magnitude of their maximum coronary stenosis: moderate (50% to 89%) and severe (Ն90%). Large-artery stiffness was assessed as systemic arterial compliance and carotid-femoral pulse wave velocity. Mean pressure was not different between the 3 groups. Systemic compliance and carotid pulse pressure were significantly different between all 3 groups, with compliance lowest and pressure highest in the severe group (PϽ0.05). Pulse wave velocity was higher in patients with severe stenosis than in those with moderate stenosis (PϽ0.01) and those in the control group (PϽ0.001). Brachial pulse pressure was higher in patients than in controls (PϽ0.05), but there was no difference between the 2 disease groups. In separate multivariate analyses, carotid pressures and systemic arterial compliance were determinants of coronary artery disease severity, independent of age, smoking status, body mass index, mean arterial pressure, heart rate, cholesterol levels (total, LDL, and HDL), triglycerides, and ␤-antagonist and lipid-lowering therapy (PϽ0.001), whereas brachial pressures and pulse wave velocity were not. In conclusion, central blood pressures and systemic arterial compliance are more sensitive markers of coronary artery disease severity than brachial pressures. Key Words: arterial pressure Ⅲ arteries Ⅲ coronary artery disease Ⅲ pulse P ulse pressure is well established as an important independent predictor of cardiovascular and especially coronary outcome, 1,2 whereas more recently, its principal determinant, large-artery stiffness, has been linked to total mortality. 3 The mechanisms responsible for increased cardiovascular risk include an elevation in left ventricular pulsatile work, 4 left ventricular hypertrophy, 5 and compromised coronary perfusion. 6 Furthermore, high pulse pressure may simply reflect parallels between coronary and aortic atherosclerosis, with the latter leading to aortic stiffening. Certainly, aortic atherosclerotic plaque is an important marker for coronary artery disease (CAD), 7,8 and large-artery stiffness is higher in patients with CAD. 9, 10 Primarily owing to an increase in systolic pressure, pulse pressure is augmented in the periphery compared with the aorta, as a result of both arterial tapering and greater stiffness in the peripheral than the central arteries. The difference between central and peripheral pressures diminishes with age because of stiffening of the large proximal arteries. Traditionally, central pressure measurements have required invasive studies, but recent techniques have made it possible to estimate these noninvasively. The present study was therefore undertaken to establish whether central pulse pressure and its determinants are better predictors of CAD severity than conventional brachial artery sphygmomanometry.
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Methods

Subjects and Study Design
Large-artery stiffness and carotid and brachial blood pressures were measured in 114 men with CAD (age 60Ϯ8 years, meanϮSD) and 57 age-matched healthy male controls (age 59Ϯ9 years). All CAD patients had at least 1 angiographically identified stenosis of Ն50% in a major coronary artery. The CAD patients were classified into 2 groups on the basis of their maximum coronary stenosis assessed visually by an experienced cardiologist at the time of angiography and before measurement of arterial stiffness: moderate CAD (50% to 89%; nϭ57) and severe CAD (Ն90%; nϭ57). CAD patients with hypertension (moderate CAD, 22; severe CAD, 32; Pϭ0.06), diabetes mellitus (moderate CAD, 11; severe CAD, 9; Pϭ0.62), or a prior myocardial infarction (moderate CAD, 17; severe CAD, 32; Pϭ0.006) were not excluded; however, all patients had a left ventricular ejection fraction Ͼ40% (by echocardiography). All ␤-blocking agents and nitrates were discontinued for 24 hours before the study. Control subjects were healthy, normotensive nonsmokers with normal plasma lipid levels, were not involved in regular physical activity, and were not taking cardiovascular medication. All subjects gave informed consent for their participation in the study, which was approved by the Ethics Committee of The Alfred Healthcare Group and performed in accordance with both the institutional guidelines and the Declaration of Helsinki (1989) of the World Medical Association.
Resting Blood Pressure
Resting brachial arterial blood pressure and heart rate were measured at 3-minute intervals with a Dinamap vital signs monitor (1846 SX, Critikon), with subjects remaining undisturbed in the supine position for 10 minutes. The mean of 3 values was taken to represent resting levels.
Systemic Arterial Compliance
Systemic arterial compliance (SAC) was determined by calculations based on the area method of Liu et al, 11 as described previously. 12, 13 Briefly, SAC was derived from measurements of aortic flow velocity with continuous-wave Doppler velocimetry (Multi-Dopplex MD1, Huntleigh Technology) and simultaneous right carotid pressure, measured by applanation tonometry (SPT-301, Millar Instruments). Brachial arterial blood pressure was measured simultaneously by a Dinamap vital signs monitor (1846 SX, Critikon) to permit calibration of the carotid arterial pressure contour with brachial mean and diastolic blood pressure and to derive carotid systolic blood pressure. 12, 14 Aortic volume flow was obtained by multiplication of the mean velocity flow by the left ventricular outflow tract (LVOT) area, measured by 2-dimensional echocardiography (Hewlett-Packard Sonos 1500).
Pulse Wave Velocity
Pulse wave velocity (PWV) was measured by simultaneous recordings of arterial pressure waves from the carotid to the femoral artery by applanation tonometry (SPT-301, Millar Instruments), as described previously. 13, 15 
Biochemical Analyses
Fasting venous blood samples were drawn for analyses of lipids. Total, LDL, and HDL cholesterol and triglyceride levels were determined enzymatically with a Cobas-BIO centrifugal analyzer (Roche Diagnostic Systems). 16 
Statistical Analyses
Group comparisons for all variables were by 1-way ANOVA, with a least significant difference post hoc test used to compare individual means. Stepwise multiple regression analysis was performed to examine determinants of maximum coronary stenosis in CAD patients, whereas categorical variables were compared with a 2 test. Receiver operating characteristic curves were used to examine the relative predictive value of central pressures and SAC for CAD severity class. All data were analyzed with SPSS for Windows version 9.0.1. (SPSS Inc). Unless otherwise stated, group results are presented as meanϮSEM, and statistical significance was deemed to have been achieved at PϽ0.05.
Results
The 3 study groups were similar in age, LVOT area, and cardiac output, whereas body mass index was higher and total cholesterol lower in the group with severe CAD than in controls (Table) . Total triglycerides were higher and HDL and LDL cholesterol levels lower in CAD patients than in controls, but there was no difference between the 2 CAD groups (Table) 
Blood Pressure
Brachial mean and diastolic blood pressures ( Figure 1 ) and heart rate (Table) did not differ between the 3 groups. The average difference between brachial and carotid pulse pressure was significantly higher in controls than in the group with severe CAD (Pϭ0.02) and tended to be higher in the group with moderate CAD than in the group with severe CAD (controls, 8.0Ϯ1.1 mm Hg; moderate CAD, 6.5Ϯ1.8 mm Hg; and severe CAD, 2.6Ϯ1.8 mm Hg; Pϭ0.08). Brachial systolic pressure was higher in the group with severe CAD than in controls, but other comparisons were not significant (controls, 124Ϯ2 mm Hg; moderate CAD, 128Ϯ2 mm Hg; and severe CAD, 134Ϯ3 mm Hg) (Figure 1 ). Brachial pulse pressure was more discriminating, with differences evident between controls and CAD patients (controls, 46Ϯ1 mm Hg; moderate CAD, 52Ϯ2 mm Hg; and severe CAD 56Ϯ2 mm Hg); however, brachial pulse pressure was not different between the 2 CAD groups (Figure 1) . In contrast to brachial pressures, carotid systolic blood pressure was significantly higher in the group with severe CAD than in either the moderate CAD group or the controls (controls, 116Ϯ2 mm Hg; moderate CAD, 122Ϯ3 mm Hg; and severe CAD, 132Ϯ3 mm Hg) (Figure 1 ). Carotid pulse pressure was the best discriminator, with highly significant differences between all groups (controls, 38Ϯ1 mm Hg; moderate CAD, 45Ϯ2 mm Hg; and severe CAD, 53Ϯ3 mm Hg) (Figure 1 ).
Brachial and carotid pressures were also examined as determinants of the magnitude of the maximum coronary stenosis in CAD patients, with systolic and pulse pressure examined in separate multivariate analysis that incorporated age, smoking status, body mass index, mean arterial pressure, heart rate, cholesterol (total, LDL, and HDL) levels, triglycerides, and ␤-antagonist and lipid-lowering therapy. Carotid systolic pressure (rϭ0.47; PϽ0.001) and carotid pulse pressure (rϭ0.45; PϽ0.001) were both significant independent determinants of CAD severity, but brachial pressures were not.
Arterial Stiffness
Like central pulse pressure, SAC was able to discriminate between all groups, with values highest in the control group and lowest in the patients with severe CAD (controls, 0.62Ϯ0.03 mL/mm Hg; moderate CAD, 0.51Ϯ0.03 mL/ mm Hg; and severe CAD, 0.41Ϯ0.03 mL/mm Hg) ( Figure  2a ). Carotid-femoral PWV was higher in the severe CAD group than in the moderate CAD and control groups but was unable to discriminate the control group from those with only moderate CAD (controls, 9.3Ϯ0.2 m/s; moderate CAD, 10.2Ϯ0.3 m/s; and severe CAD, 11.5Ϯ0.5 m/s) (Figure 2b ).
SAC and carotid-femoral PWV were examined as determinants of the magnitude of the maximum coronary stenosis in CAD patients in multivariate analyses that incorporated age, smoking status, body mass index, mean arterial pressure, heart rate, cholesterol (total, LDL, and HDL) levels, triglycerides, and ␤-antagonist and lipid-lowering therapy. Although SAC was an independent predictor of disease severity (rϭ0.47, PϽ0.001), PWV was not. Furthermore, receiver operating characteristic curves indicated that SAC was most strongly associated with CAD severity class (receiver operating characteristic curve areaϭ0.64, SEϭ0.05; Pϭ0.01), followed closely by carotid pulse pressure (areaϭ0.62, SEϭ0.05; Pϭ0.03) and carotid systolic blood pressure (areaϭ0.61, SEϭ0.05; Pϭ0.05).
Discussion
The major finding of this study was that the large arteries are stiffer in patients with more severe CAD and that carotid pressures and SAC were more sensitive markers of CAD severity than brachial pressures. These relationships were evident despite the limitations involved in estimation of carotid pressure and the relatively advanced age of the study patients, which would minimize pressure differences between the central and peripheral circulations. The current data emphasize the importance of the central arterial circulation as a surrogate marker of CAD severity, assessed by the magnitude of the maximum coronary stenosis.
The relationship between CAD severity with largeartery stiffness and central pulse pressure is likely to be due to parallels between coronary and aortic atherosclerosis, with the latter leading to aortic stiffening. Indeed, aortic atherosclerosis detected by transesophageal echocardiography is related to the presence of CAD, 7, 8 and it is well known that CAD patients have stiffer aortas. 9, 10 More detailed analyses in nonhuman primates [17] [18] [19] have demonstrated an association between elasticity and severity of atherosclerosis in the aorta. At the cellular level, atherosclerosis is associated with smooth muscle cell prolifera- tion and deposition of lipids, 20 whereas aortic stiffening may also be related to nutritional deficiency arising from reduced blood flow in the vasa vasorum. 21 The severity of CAD and large-artery stiffness have not previously been related; however, there is a report linking elasticity of the abdominal aorta to the number of diseased coronary arteries in patients after myocardial infarction. 22 The postinfarction status of the patients in this previous analysis, however, precluded assessment of relationships with maximum coronary stenosis. Large-artery stiffening and pulse-pressure elevation may also convey risk beyond that associated with CAD severity. Animal data indicate that cardiac ejection into a stiffened aorta increases cardiac work 4 and reduces coronary perfusion. 6 In humans, this relationship has been substantiated by the observation that ischemic threshold during a standard exercise stress test is lower in patients with stiffer aortas, independent of disease severity. 23 These data indicate that the risk of myocardial ischemia in CAD patients is related not only to the severity of coronary stenoses but also to aortic stiffness, which increases in parallel with CAD severity. Although the ability of largeartery stiffness and carotid versus brachial pressure to assess this hemodynamic risk was not examined in the present study, the proximity of the large vessels to the left ventricle again makes it likely that central pressures would be more informative in this regard.
Group Characteristics
The observed differences in aortic stiffness between the 2 CAD groups and control subjects were not attributable to differences in age, mean arterial pressure, cardiac output, heart rate, or aortic size. Furthermore, limiting the study to male subjects avoided the confounding effects of gender on large-artery stiffening. The greater number of exsmokers in the severe CAD group is likely to have contributed to arterial stiffening; however, both carotid pressures and SAC were related to disease severity independently of smoking status. Consistent with the presence of coronary disease, HDL cholesterol was lower and triglyceride levels were higher in the CAD groups than in controls. Total and LDL cholesterol were lower in the CAD groups, presumably owing to the effects of treatment. However, carotid pressures and SAC were related to CAD severity independently of lipid levels and lipid-lowering therapy. The only other medication difference was a greater prevalence of ␤-antagonist therapy in the severe compared with the moderate CAD group. ␤-Antagonists were discontinued 24 hours before the study, and all relationships were independent of ␤-antagonist therapy. In addition, heart rate was not different between groups. Finally, SAC was more sensitive in discriminating CAD severity than carotid-femoral PWV. This difference in sensitivity may relate to the fact that directly measured carotid-femoral PWV does not incorporate a measure of proximal arterial stiffness. This is because at the time the pressure is measured in the carotid artery, the wave moving toward the femoral artery will have traversed the same distance along the aorta. Thus, the length of aorta actually assessed is the carotid to manubrium sternum distance subtracted from the manubrium sternum to femoral distance.
In summary, the present study demonstrated that carotid systolic and pulse pressures were more sensitive markers of CAD severity than brachial pressure. This likely reflects the greater aortic stiffness in patients with more severe CAD, which suggests a correlation between the severity of coronary and aortic atherosclerosis. In view of the known experimental effects of increased aortic stiffness on blood flow through critically stenosed vessels, these findings suggest an important role for aortic stiffness in modulating the onset of myocardial ischemia. Furthermore, they suggest that a reduction in large-artery stiffness, and thus central pressure, may be an important therapeutic goal in the management of angina in patients with CAD.
